Parks in urbanised areas fulfil an important function as they create a positive climate in cities and contribute to the good health of their inhabitants. The study gives an answer to the question of which of the species under investigation is the most suitable for planting in urbanised areas. The aim of the research conducted from 2013 to 2014 at selected sites in Poznan (Poland) was to determine the state of health of Tilia cordata Mill., Acer platanoides L. and Quercus robur L. trees and to compare their state of health depending on the location of the research sites. The aim of the research was also to determine the environmental variables that may have an influence on the state of health of the tree species under analysis. The research included statistical analyses and models based on discriminant analysis. The research revealed that the state of health of the tree species under investigation growing in the city is determined by anthropogenic factors. The closeness of the city centre, main thoroughfares and estates heated with fossil fuels are the factors that have the most negative influence on the state of health of oak, maple and lime trees. Acer platanoides L. was the species in the best state of health in parks, whereas in forests it was Tilia cordata Mill.
INTRODUCTION
The air quality in urbanised areas is a serious problem in view of the expansion of both urban and industrial zones (Kanakidou et al. 2011) . Soil moisture, the content of nutrients, weather extremes, pathogens and pests have been found to exert influence on the processes related with progressing defoliation of tree crowns in public open spaces. The sites of woody vegetation have been proven to have a considerable influence on the accumulation and retention of water and on the supply of groundwater (Millward and Sabir 2011) . Physiochemical investigations are commonly applied methods to monitor the quality and cleanness of air in urbanised areas.
However, such investigations are very expensive and complicated. Therefore, they are not made in the entire area of the city but they are only limited to several locations. Apart from that, most often such investigations are related to the concentration of only a few types of pollutants (e.g. NO x , SO 2 , O 3 ), but they do not provide direct evidence for the influence of changes in the quality and cleanness of air in urbanised areas on the state of health and vegetation of plants (Honour et al. 2009 nitrogen oxides (Paoletti et al. 2011 , Baumgardner et al. 2012 , Schnell et al. 2012 . Small-leaved lime, Norway maple and pedunculate oak trees are species that can most often be found in public open spaces (both in parks and municipal forests). Tilia cordata Mill. trees prefer moist, permeable and fertile soils and they exhibit tolerance to the presence of calcium in the soil. The trees of the Tilia genus are also relatively resistant to drought -they are more resistant than the trees of the Betula, Alnus or Carpinus genera, but they are less resistant than the trees of the Fraxinus, Quercus or Sorbus genera (Bassuk et al. 2009 , Roloff et al. 2009 ). Acer platanoides L. is a lowland species that can mainly be found in deciduous and mixed forests, especially on nutrientrich and sufficiently moist soils (Boratynski 1999) . Experiments have proven that Acer platanoides L. trees can cope with water deficit and stress related with this deficit better than Populus tremula L., Quercus robur L. and Tilia cordata Mill. trees (Aasamaa and Sõber 2001) . Acer platanoides L. trees can be classified as more resistant to drought than Aesculus hippocastanum L. trees (Roloff et al. 2009 ). Pedunculate oak trees have been found to exhibit tolerance to the changing warming climate. Therefore, their share in tree-covered areas in Central Europe will be increasing (Saha et al. 2012) .
The trees of the Tilia genus should be grown among the tall greenery of housing estates, parks and other urbanised areas. However, it is not recommended to plant them in streets and squares because of difficult environmental conditions and high pollution with copper, zinc and lead compounds, which are chiefly emitted by different means of transport. The trees of the Tilia genus may be applied more widely in areas outside cities, especially as roadside trees forming avenues (Hovmand et al. 2009, Sjöman and Busse 2010) . Other studies on Quercus robur L. trees prove that specimens of this species acidify the soil within the rhizosphere and thus they reduce the concentration of heavy metals in shallower soil layers (Mertens et al. 2007 ). Barzdajn (2006) notes that at present Quercus robur L. trees are of minor importance in tree-covered areas in cities and estates. This situation is caused by the fact that there is minimal production of the species in nurseries and these trees do not tolerate replanting at an older age. The same author also notes that the species is not sufficiently used in parks, although it is resistant to drought, air pollution and considerably tolerant to soil conditions. Acer platanoides L. trees are often planted in Polish urban and manorial parks. In open landscapes they are used to make buffer groups and strips and they are planted as roadside trees (Bojarczuk 1999) . The trees of this species are also appreciated on the North American continent because of their advantages, i.e. resistance to air pollution, resistance to soil compaction, rapid growth and high resistance to shading (Millward and Sabir 2011) .
Increased concentrations of Na, Cl, Ca, Mg, Zn and Cu and increased soil pH have a negative influence on the state of health of small-leaved lime trees growing near main thoroughfares. Also, increased salinity or EC caused by increased levels of Na and Cl do not have a favourable influence on Tilia cordata Mill. trees, causing the phenomenon of physiological drought, especially in the spring (Bassuk et al. 2009, Cekstere and Osvalde 2013) . Salinity is one of the main hazards to Acer platanoides L. trees in urbanised areas. Experiments have proved that Norway maple trees are a species of medium sensitivity to salinity, because they are more sensitive to salinity than Acer campestre L. trees but they are more tolerant than Acer pseudoplatanus L. trees (Bojarczuk 1999) .
Studies have proven that deciduous trees are more sensitive to exposure to O 3 and its effect, whereas coniferous trees are more sensitive to high concentrations of SO 2 and NO 2 in the air (Paoletti et al. 2011) . The trees of the species under investigation are also relatively resistant to air pollution in urbanised areas. Aesculus hippocastanum L. trees are characterised by higher seasonal accumulation of Cr, Fe, Ni and Pb ions in foliage than Tilia cordata Mill. trees. Also, Tilia cordata Mill. trees have not been found to accumulate Cu ions in their foliage. However, Tilia cordata Mill. trees are less resistant to the air pollution in urbanised areas than the trees of the Carpinus and Robinia genera (Aničić et al. 2011) . Tilia cordata Mill. trees have also been found to be much less sensitive to the air pollution with nitrogen than Salix alba L., Tilia platyphyllos Scop. or Fraxinus excelsior L. trees (Novak et al. 2003) . Pedunculate oak trees are very or relatively resistant to the effect of SO 2 . The species tolerates the influence of oxidising gases (O 3 , PAN, NO x ), acidic gases (SO 2 ) and alkaline gases (NH 3 ) and it is relatively resistant to the influence of fluorine compounds (Barzdajn 2006) . However, researchers note that individual older oak trees may die when their defoliation does not exceed 20% (Eichhorn and Paar 2000) . It is noteworthy that oak trees that are devoid of more than 60% of their assimilation apparatus usually die within a few years, whereas specimens of the species that have suffered less damage survive and often regenerate (Sonesson 1999) . Canadian studies in 2008 proved that Norway maple trees have the greatest share in reduction of the CO 2 level and are also responsible for the reduction of such pollutants as O 3 , NO 2 and SO 2 and the reduction of suspended particulate matter in the atmospheric air in urbanised zones (Millward and Sabir 2011) .
The aim of the research conducted from 2013 to 2014 in selected parks and municipal forests of the city of Poznan was to determine the state of health of Tilia cordata Mill., Acer platanoides L. and Quercus robur L. trees and to compare their state of health depending on the location of research sites. The aim of the research was also to determine the environmental variables that may have the greatest influence on the state of health of the tree species under analysis. The study may give an answer to the question of which of the species under investigation is the most suitable for planting in urbanised areas.
MATERIAL AND METHODS
The research comprised the municipal forests of the city of Poznan, which fulfil isolative and recreational functions for the city and its inhabitants. The forests are located on the outskirts of the city, away from oppressive sources of pollution. The research also took selected non-historic public parks of the city of Poznan into account. These were the following municipal forests and of parks ( Fig. 1) .
Two of the parks listed above were established in former forts of the outer circle of Prussian fortifications from the second half of the 19 th century (the park between the Czecha Housing Estate and Rusa Housing Estate and Rev. Joseph Jasinski Park). Two other parks were established as a result of the transformation of former Evangelical cemeteries (Gorczynski Park and Gustaw Manitius Park).
Three of the most common species of trees in the green areas of the city of Poznan (Acer platanoides L., Tilia cordata Mill. and Quercus robur L.) were included in the research. Every specimen of the examined species growing in the parks was taken into account whereas only a representative number of specimens of the examined species growing in municipal forests was taken into account (the areas of both parks and municipal forests were comparable) (Tab. 1).
From 2013 to 2014, the tree species under investigation growing in the selected locations were inventoried in the summer. During the inventorial work the following characteristics were identified:
-the circumference of the trunk of each tree (measured at a height of 130 cm above the ground). As far as multi-trunk trees bifurcating beneath the height of 130 cm are concerned, each trunk was measured separately, -the diameter of the crown of each tree (as far as trees with irregular crowns are concerned, The tree species under investigation growing in the selected locations were inventoried from the summer of 2013 to the summer of 2014. During the inventorial work the state of health was evaluated on the basis of the criteria assessing the condition of the tree, including the condition of the tree crown, trunk and roots.
Kosmala's method (2009), a modification of Roloff's method, was used in order to evaluate the health status of the trees. It gives the possibility of assessing the condition of trees growing in urbanised areas that are exposed to anthropogenic factors. Kosmala's method evaluates health status on the basis of criteria including the condition of the tree crown, trunk and roots, given in points (Tab. 2). Each of those criterions was considered based on two characteristics, one of which relates to tree construction defects, and the other, to symptoms of infection or disease.
The health evaluation assessed both the crown structure (the degree of defoliation and the crown health condition) and structure and health status of the trunk (including rubbing bark, sapwood and cracks) as well. The method also includes an assessment of the state of the root system of a tree (butt end state and structural root status based on the observation of the soil). The results are calculated as the health condition of a tree (C) according to the formula: C = C C + C T + C R , where C C -crown condition, C T -trunk condition, C R -roots condition.
The final stage of the assessment in the abovementioned method is to determine the phase of vitality, health status and health category of trees according to Table 3 .
Statistical analyses and models were made on the basis of discriminant analysis. As a result we checked which variables might have an influence on the state of health of Acer platanoides L. trees in the parks and municipal forests of Poznan. Canonical variate analysis (CVA), which is a canonical variant of Fisher's linear discriminant analysis (LDA), was used to construct the model Table 4 lists the dendrometric parameters and the health status of the trees under study in the parks and municipal forests of the city of Poznan. The table includes basic indexes describing the heterogeneous sets of figures (the minimum and maximum value, arithmetic mean and standard deviation). The trees growing in the forests were definitely in the best state of health. This may have been caused by the fact that they were better isolated from the factors of urbanisation. There was a negative dependence observed between the dendrometric parameters and the health status. When analysing Table 4 , it is possible to observe a correlation concerning the dendrometric parameters. The specimens of all of the species inventoried in the forests were characterised by smaller crown sizes, smaller trunk circumferences and they were smaller than the specimens inventoried in the parks. This dependence may have been caused by greater tree density in the forests, which limited the growth of individual species. The statistical analyses and models were based on discriminant analysis. As a result of the analyses we checked which variables might have an influence on the state of health of three tree species (Quercus robur L., Tilia cordata Mill. and Acer platanoides L.) in the urban open space in Poznan. Canonical variate analysis (CVA), which is a canonical variant of Fisher's linear discriminant analysis (LDA), was used to construct the model. The study used ordination techniques, which ordered the trials along the gradient represented both by the axis of ordinates and the axis of abscissas. In order to check which technique would be the most suitable for the dataset under analysis, the correspondence analysis (CA) was made. The procedure was supposed to answer the question about the character of the dataset under analysis on the basis of the gradient length (linear or unimodal) (Braak and Šmilauer 2002) .
RESULTS
The correspondence analysis (CA) proved that the gradient length for the dataset under investigation was 4.51 (unimodal distribution). Therefore, it was possible to apply the following techniques of analyses: CCA, DCCA or hCCA. The last of the three techniques was selected. The hybrid CCA enables the introduction of three different types of variables into the model.
The state of health of the trees both in the parks and municipal forests of the city of Poznan largely depends on the environmental variables and the location of the urban open space. As results from the analysis below (Fig. 2) , the specimens belonging to the first health class were located in the most distant areas from the centre, without industrial facilities or main thoroughfares. The presence of watercourses and water reservoirs in close proximity to green areas is an important factor determining the state of health of the trees. The Tilia cordata Mill. and Acer platanoides L. trees in the parks and forests with water reservoirs were absolutely the healthiest. The trees of the Quercus robur L. species growing in the areas located nearest to the centre and without a water reservoir were in the worst health class. The neighbourhood of main thoroughfares also had a negative influence on the quality of green areas in the city.
The method of heating buildings located in the areas adjacent to parks and forests has an indirect influence on the state of health of the species under investigation. The specimens growing in green areas where most of the estates were equipped with central heating were definitely in a better health class than the trees located near the estates heated with fossil fuels (Fig. 3) . The trees of the Acer platanoides L. proved to be characteristic of the areas of former forts. Quercus robur L. trees were the most numerous in the former wasteland, whereas the largest number of Tilia cordata Mill. trees could be found in the areas of former cemeteries. As can be seen in the research, the systems of green areas also play a vital role in cities. Compact wedges of public green space are a buffer zone neutralising the anthropogenic effect. The trees growing in green wedges were definitely included in the best health class.
The two models below (Figs 4 and 5) compare the dendrometric parameters and both environmental and geographical parameters as well within the three species under study, growing in municipal forests and city parks. The height and crown width of the investigated tree species was highest among trees growing at a distance of 4-4.5 km from the city's centre while the biggest circumference of the trunk was observed among the trees growing at a distance of 2-3 km from the city's centre, close to the main thoroughfares. The lack of watercourses, water reservoirs and industrial areas in the neighbourhood as well was directly proportional to the height and the diameter of the crown of the examined trees. The circumference of the trunk parameter was positively correlated with the neighbourhood estates heated with fossil fuels.
DISCUSSION
All over the world there have been numerous studies on the influence of air pollution on the state of health of trees. They included assessments of the state of health of the specimens under investigation only in strictly defined locations, e.g. near motorways, main thoroughfares in cities or in urban open spaces (Mazzeo et al. 2005) . However, there have been few studies on the vegetation and its state of health in urbanised areas -both in green areas and built-up areas. Such a complex approach to the research seems to be more appropriate and should provide a more complete answer to the question concerning the environmental threats to trees growing in different locations in urbanised areas (Cohen et al. 2014 ).
According to Zierl (2004) , the degree of defoliation of tree crowns may be regarded as the best available criterion of the state of health of trees. However, the results of the research presented in this article show that it is more appropriate to include the following elements into the assessment of the state of health of trees to ensure its complexity: tree crown (the shape of the crown, damaged boughs and branches, degree of defoliation), trunk (disease symptoms, presence of wounds, cavities, cracks or bark stripping) and root zone (damage, disease symptoms, soil conditions in the root zone) (Kosmala 2009). The research conducted in Poznan between 2011 and 2013 proved that the state of health of three tree species under investigation chiefly depended on the following factors: the distance between the sites of growth of the trees under study, the closeness of main thoroughfares and the presence of water reservoirs. Those findings were confirmed by the results of earlier studies (Aasamaa and Sõber 2001, Saha et al. 2012) .
Small-leaved lime trees growing in the municipal forests of Poznan were characterised by a better state of health than Norway maple or pedunculate oak trees, although the difference in the state of health between Acer platanoides L. and Quercus robur L. was not statistically significant. These findings were confirmed by studies that indicated that damage to Tilia cordata Mill. trees is definitely more frequent and visible if the trees grow in regions where the air is more polluted (Khavaninzadeh et al. 2014) .
Acer platanoides L. trees are often listed as a species planted in cities due to their resistance to conditions and pollution in urbanised areas (Bojarczuk 1999) . The research conducted between 2011 and 2013 confirmed this observation, but it also proved that Norway maple trees growing in municipal forests were more resistant to urban conditions than specimens of the same tree species growing in parks.
The specimens of Acer platanoides L. trees growing in municipal forests and green wedges of Poznan were characterised by the best state of health. This may have been caused by their better resistance to anthropopressure due to the larger area of forests and, in consequence, due to better buffering properties. Municipal forests in large urban agglomerations play a particularly important role in the biological regulation of pollution. Acer platanoides L. trees are characterised by a better state of health than Quercus robur L. trees growing in public green spaces in the city of Poznan (Krzyżaniak et al. 2013 ). According to data from reference publications, older specimens of Norway maple trees are more resistant to the stress caused by abiotic factors (Millward and Sabir 2011) . However, these observations were not confirmed by the data collected in the research conducted in Poznan between 2011 and 2013. Acer platanoides L. trees, aged 40-70 years, growing both in municipal forests and in the non-historic parks of Poznan were found to be in the best health. The research led to the conclusion that Tilia cordata Mill. and Quercus robur L. trees may be used as biological indicators of the state of environmental pollution in urbanised areas. According to the data provided in reference publications, small-leaved lime trees are better suited for this purpose than silver lime trees, which have hairier leaves (Khavaninzadeh et al. 2014) . However, other studies suggest that it is the lime trees with hairier leaves that are better suited as biological indicators of air pollution in urbanised areas (Kardel et al. 2011) . Aesculus hippocastanum L. trees may be more useful than small-leaved lime trees for the biological monitoring of air pollution with lead and copper compounds (Aničić et al. 2011 ). There are divergent data concerning pedunculate oak trees. Kardel et al. (2011) report that these trees may be used as biological indicators in urbanised areas, whereas Aboal et al. (2004) prove that Quercus robur L. trees should not be used for biological monitoring in minimally polluted areas.
For those reasons it seems that it is justified to conduct further research that could solve all of the aforementioned conflicting issues.
CONCLUSIONS
1. The state of health of the species under study growing in cities is determined by anthropogenic factors. The following factors have the most negative influence on the state of health of oak, maple and lime trees: closeness to the city centre, main thoroughfares and estates heated with fossil fuels. 2. Acer platanoides L. was the tree species representing the best state of health in parks, whereas Tilia cordata Mill. was the species representing the best state of health in forests. 3. The research led to the conclusion that among the three species under study, Acer platanoides L. seems to be the most appropriate for city parks.
